The emergence of extensively drug-resistant (XDR) Klebsiella pneumoniae has become a major challenge worldwide. In this study, we characterized the phenotypes and genetic features of nine XDR K. pneumoniae isolates from an integrated hospital in Zhejiang province, China, from September to October 2014. These XDR K. pneumoniae possessed at least five resistance determinants which contribute to highly resistant to b-lactam, b-lactam/inhibitor combinations, aminoglycosides, quinolones, carbapenems, chloroamphenicol and fosfomycin. All isolates carried bla KPC-2 , bla CTX-M-9 , bla SHV-11 and rmtB, and several isolates also harboured bla TEM-1 and qnrS. Southern blot experiments confirmed that bla KPC-2 , rmtB and bla CTX-M-9 were located on the same~54.2 kb plasmid. Conjugative plasmids were obtained from all K. pneumoniae isolates, further proving the transferable characteristic of the resistance determinants. The OmpK36 sequences showed various deletions and insertions that indicated additional amino acid residues and a deleted phenotype of OmpK36. PFGE demonstrated that all the isolates belonged to the same genotype. Multilocus sequence typing was concordant with PFGE results and revealed that ST11 was the most predominant clone. Our study revealed a high incidence and endemic spread of XDR K. pneumoniae in the hospital. Thus, effective infection control measures should be adopted to monitor and control the spread of multidrug-resistant isolates.
INTRODUCTION
Klebsiella pneumoniae is a Gram-negative opportunistic pathogen, causing both nosocomial and community-acquired infections including pneumonia, bacteraemia, septicaemia, urinary tract infections and wound infections (Yao et al., 2015) . With the extensive and indiscriminate use of antimicrobial agents, K. pneumoniae isolated from clinical samples has been found to develop resistance to multiple classes of antibiotics, causing great concern worldwide. Horizontal transfer of resistance genes mediated by plasmids, including plasmid-mediated quinolone resistance genes, 16S rRNA methyltransferase genes and extendedspectrum b-lactamase genes, has been considered as one of the most important mechanisms for the dissemination of multidrug-resistant K. pneumoniae. Specifically, Klebsiella pneumoniae carbapenemase-2 (KPC-2), one of the most common KPC enzymes, is responsible for carbapenem resistance in Enterobacteriaceae (Shen et al., 2016) . Since the first report in Zhejiang province in 2007, KPC-2-producing K. pneumoniae have spread widely and rapidly in this region (Qi et al., 2011) , causing fatal outcomes in vulnerable patients (Hou et al., 2015) . The decrease in bacterial outer membrane permeability was also related to carbapenem resistance. For example, loss of OmpK35 and OmpK36 porins has been shown to be associated with increased MICs of cephalosporins and carbapenems in K. pneumoniae (Domenech-Sanchez et al., 2003; Zhang et al., 2014) .
To better understand the characteristics and clonal relatedness of K. pneumoniae, we present our data on an outbreak of infection caused by nine clinical extensively drugresistant (XDR) K. pneumoniae isolates in intensive care units (ICUs) between September and October 2014.
METHODS
Bacterial isolates. According to the standardized international antimicrobial susceptibility profile, a total of nine non-repetitive XDR K. pneumoniae isolates were collected from the ICUs of the Wenzhou Hospital of Integrated Traditional Chinese and Western Medicine between September and October 2014. Bacterial identification and antimicrobial susceptibility testing were performed by a VITEK-2 compact system (bioM erieux).
Antimicrobial susceptibility testing. The MICs of 13 antimicrobial agents for XDR K. pneumoniae isolates were determined by the agar dilution method according to the approved standard of the Clinical and Laboratory Standards Institute 2014 guidelines. Ceftriaxone, ceftazidime, cefotaxime, imipenem, meropenem, ertapenem, levofloxacin, ciprofloxacin, amikacin, tobramycin, gentamycin, chloroamphenicol and fosfomycin were evaluated. In addition, colistin, polymyxin B and tigecycline were tested by the broth microdilution method and then interpreted by the recommendation of the European Committee on Antimicrobial Susceptibility Testing. Escherichia coli ATCC25922 was used for quality control.
Resistance determinant detection. Genomic DNA was extracted using the AxyPrep Bacterial Genomic DNA Miniprep kit (Axygen Scientific) and was used as a DNA template. Resistance genes were amplified by PCR. All the isolates were analysed for the presence of b-lactamase genes (bla TEM , bla SHV , bla CTX-M-1 , bla CTX-M-9 ,bla GES , bla KPC , bla SPM , bla IMP , bla VIM , bla OXA-23 and bla OXA-48 ) (Dallenne et al., 2010) , plasmidmediated quinolone resistance genes (qnrA, qnrB, qnrC, qnrD, qnrS, qepA, oqxAB and aac(6¢)-Ib-cr) (Park et al., 2012) and 16S rRNA methylase genes (armA, rmtA, rmtB, rmtC and rmtD) (Doi & Arakawa, 2007) . Positive PCR products were sequenced by the Shanghai Majorbio Bio-Pharm Technology. Nucleotide sequences were analysed and compared using BLAST (http://www.ncbi.nl m.nih.gov/BLAST).
Plasmid analysis and Southern blot. Plasmid DNAs of nine isolates were extracted using a QIAGEN Plasmids Midi Kit according to the manufacturer's instructions. The plasmid DNAs were separated by electrophoresis using 0.8 % agarose gel at a constant voltage of 120 V for 1 h and then transferred to a positively charged nylon membrane by the capillary method, hybridizing with digoxigenin-labelled bla KPC , rmtB and bla CTX-M-9 probes, finally, being detected with the Detection Starter Kit II (Roche). The plasmids of E. coli V517 (2.1, 2.7, 3.0, 3.9, 5.2, 5.6 and 54.2 kb) served as a size marker.
Conjugation experiments. Conjugation was carried out by broth mating in order to test the transmissibility of plasmids from K. pneumoniae isolates as donors to a recipient E. coli EC600 (LacZ -Nal R Rif R ). Briefly, overnight cultures of the donor strain (500 µl) and recipient strain (500 µl) were mixed with 10 ml fresh Mueller-Hinton broth and then incubated for 24 h at 35 C without shaking. Transconjugants were selected on Mueller-Hinton agar plates containing 600 µg ml À1 rifampin and 0.5 µg ml À1 ertapenem for 24 h at 35 C. PCR analysis was performed to confirm the plasmid-encoded resistance with all the transconjugants. MICs of several representative agents for transconjugants were then tested, and Southern blot was performed asfor donors to confirm the mobilizable resistance genes.
Analysis of outer membrane proteins. Isolates of K. pneumoniae were grown in Nutrient broth (low-osmolarity media), then outer membranes OmpK35 and OmpK36 were isolated by membrane extracts (Tsai et al., 2011) . The presence of outer membrane proteins (OMPs) was analysed by SDS-PAGE with a procedure adapted from published methods (Shi et al., 2013) , using K. pneumoniae ATCC 13883 as a control for porin profiles. The presence of the outer membrane genes was amplified by PCR methods, and the predicted amino acid sequences were contrasted with reference protein sequences of NTUH-K2044 and K. pneumoniae C3 as previously described by Zhou et al. (2015) .
Molecular typing. The clonal relatedness of the isolates was determined by PFGE using the XbaI restriction enzyme (Takara Bio). DNA separation was performed using a CHEF-Mapper XA PFGE system (Bio-Rad) for 19 h at 6 V cm À1 and 14 C, with a pulse angle of 120 and pulse duration of 5-35 s. The DNA patterns were analysed using Quantity One software (Bio-Rad) and interpreted according to Tenover et al. (1995) . Isolates were considered to be the same clone if they showed 80 % genetic identity in the PFGE profiles.
Multilocus sequence typing. Multilocus sequence typing of K. pneumoniae was performed by amplifying and sequencing seven housekeeping genes (gapA, pgi, rpoB, mdh, phoE, infB and tonB) according to protocols available at the MLST Pasteur website (http://bigsdb.pasteur. fr/perl/bigsdb/bigsdb.pl?db=pubmlst_klebsiella_seqdef_public).
RESULTS

Clinical characteristics of the patients
In total, nine XDR K. pneumoniae isolates were isolated from the ICU during a short period from September to October 2014. The patients were primarily elderly, with age ranging from 66 to 86 years. The median number of hospitalization days was 80 (range, 38-131). A total of seven patients had neurological diseases, one was diagnosed with uraemia and one was a case of trauma. All of them had been submitted to multiple invasive procedures, and all patients had received combination antibiotic therapy for their clinically significant infections. The clinical characteristics of the patients are shown in Table 1 .
Antimicrobial susceptibility testing and resistance determinant detection
The MICs of a variety of antimicrobial agents tested against the isolates were summarized in Table 2 . All nine XDR K. pneumoniae isolates showed resistance to b-lactam, aminoglycosides, quinolones, carbapenems, chloroamphenicol and fosfomycin. Antimicrobial susceptibility was only observed to tigecycline, colistin and polymyxin B, which were defined as XDR by Magiorakos et al. (2012) . Diverse resistance determinants were found among the XDR isolates. The bla KPC-2 , bla CTX-M-9 , bla SHV-11 and rmtB genes were identified in all isolates, among which eight carried bla TEM-1 and three carried qnrS (Table 2) .
Plasmid analysis and Southern blot
Plasmid analysis revealed that all isolates contained multiple plasmids of various sizes ranging from 2.7 to 54.2 kb.
Southern blot experiments showed that all isolates were hybridized to the bla KPC , rmtB and bla CTX-M-9 probes and estimated to be approximately 54.2 kb in size (Fig. 1) .
Conjugation experiments
We detected nine transconjugants which were successfully transferred from donors to E. coli EC600 and acquired at least one plasmid from their donor isolates. Transconjugants showed resistance or decreased susceptibility to all b-lactams, aminoglycosides, quinolones, carbapenems, chloroamphenicol and fosfomycin compared with the recipients (Table 3 ). In addition, the probe for bla KPC , bla rmtB and bla CTX-M-9 showed the same hybridization signal as the donors (Fig. 1) , which further confirmed the transferability of the resistance determinants.
Analysis of OMPs
A comparison of the OMP profiles from all XDR isolates with the reference profile from ATCC 13883 identified a common band which probably corresponds to OmpK34 (Hernandez-Alles et al., 2000; Nelson et al., 2003) . Simultaneously, nine XDR isolates showed the expression of OmpK35 or OmpK36 (Fig. 2) . PCR and sequence analysis of OmpK35 revealed that there were no DNA mutations between NTUH-K2044 and the clinical isolates, while the ompK36 sequences in nine XDR K. pneumoniae showed various deletions and insertions that were indicated as leading to additional amino acid residues (details seen in Fig. 3 ) and a deleted phenotype of OmpK36.
Clonal relatedness
According to the PFGE patterns in Fig. 4 , nine closely related isolates were found to exhibit >80 % similarity and belonged to the same genotype. All these isolates were identified as ST11 (allelic profile 3-3-1-1-1-1-4) clones, except FK541 which belonged to ST39 (allelic profile 2-4-1-2-9-1-14). 
DISCUSSION
XDR K. pneumoniae isolates have emerged as one of the major troublesome pathogens worldwide, reflecting a serious threat to public health. In the present study we describe an outbreak of nine XDR K. pneumoniae isolated between September and October 2014 in a teaching hospital in China. Seven strains were isolated from sputum, while two were cultured from blood. The two patients with bacteraemia were associated with worse outcomes, while the patients with pulmonary infections had a mortality rate of 57.1 %. This suggested that K. pneumoniae isolated from blood may have a marked potential to cause life-threatening infections (Monari et al., 2016) . We noticed that all patients shared the same ward, the ICUs, which were likely to be the origin of this outbreak. The analysis of clinical data showed that patients infected by FK467 and FK541 were transferred from cardiology and nephrology to ICUs on 19 August and 16 July, respectively. Two patients had XDR K. pneumoniae after admission to the ICU, which further proved that ICUs were likely to be responsible for this outbreak. The first XDR K. pneumoniae isolated was FK541 on 10 September, and other XDR isolates subsequently emerged. These patients shared the same ward and had been treated by the same medical teams. Nosocomial transmission could have occurred . Therefore, routine screening for XDR K. pneumoniae colonization is necessary in the ICUs, and XDR K. pneumoniae-positive patients ought to be isolated in single rooms.
Previous studies showed that the long-term use of catheters, the frequent use of antibiotics and weakened immune systems were the main causes associated with nosocomial infections (Bergamasco et al., 2012; Bouza et al., 2013; Mouloudi et al., 2014) . The retrospective clinical data in our study indicated that all of the patients had been submitted to multiple invasive procedures such as intravenous and central venous catheterization, and all patients had received appropriate empiric therapy with fluoroquinolone, b-lactam and other antimicrobial agents when an infection was suspected. In addition, the patients were primarily elderly (range, 66-86 years), and most of them suffered from similar neurological diseases which were probably associated with a higher prevalence of these isolates. Besides, the median length of hospitalization among these patients was 80 days (range, 38-131 days), which is consistent with previous studies showing a two-to fourfold increase in the colonization rates of K. pneumoniae after 2 weeks of hospitalization (Podschun & Ullmann, 1998 ). All the above-mentioned common characteristics among the patients are probably associated with the high morbidity in our study.
The prevalence and wide distribution of diverse resistance determinants was demonstrated among XDR K. pneumoniae. These K. pneumoniae isolates carried at least five resistance determinants conferring resistance phenotypes to the majority of commonly used clinical antimicrobials, except tigecycline and polymyxin B, leaving limited options for antibiotic treatment (Hou et al., 2015) . In this study, all isolates were KPC-2-producing K. pneumoniae. This subtype has frequently been reported worldwide, owing to interspecies transfer and dissemination among the Enterobacteriaceae (Rasheed et al., 2008) . Simultaneously, a high prevalence of b-lactamase determinants was observed in the present study. All of the isolates carried bla SHV-11 and bla CTX-M-9 ; eight carried bla TEM-1 , in line with a previous investigation showing that CTX-M-producing isolates were generally multidrug-resistant (Canton et al., 2012) . In The probe for bla rmtB and bla CTX-M-9 showed the same hybridization signal (data not shown here). XDR Klebsiella pneumoniae addition, we documented the widely distributed 16S rRNA methylase encoding genes (rmtB) in our study. Co-production of rmtB and bla KPC was commonly identified in Enterobacteriaceae (Li et al., 2012) , leading to a very limited choice for antimicrobial treatment. Such a frequent co-existence of 16S rRNA methylases and b-lactamase in our study suggested the horizontal dissemination of these determinants among XDR K. pneumoniae isolates (Cao et al., 2014) .
Plasmid analysis revealed that plasmids carrying bla KPC-2 , rmtB and bla CTX-M-9 were located on the same~54.2 kb plasmid. As expected, the plasmids carrying these genes were transferred to E. coli EC600 successfully and showed the same hybridization signal with donors, indicating the co-transferable characteristic of the resistance genes.
Previous studies suggested that various mechanisms may contribute in combination to carbapenem resistance; besides the carbapenemases, OmpK35 and OmpK36 proteins played an important role in increasing carbapenem MICs. The loss or reduction of OmpK also correlated with the high-level carbapenem resistance in K. pneumoniae carrying bla KPC (Landman et al., 2009) . In our study, we showed various deletions and insertions of OmpK36 in the clinical isolates, which may have led to alterations in the ORF, amino acid sequences and protein configuration (Shi et al., 2013) , contributing to the lack of OMPs.
The PFGE study indicated that nine XDR K. pneumoniae shared the same genotype, which may have created the dissemination of KPC-2-producing isolates in our hospital. Furthermore, it seemed that ST11 was the dominant clone in our study, concordant with the report that ST11 was the major sequence type in Mainland China and associated with KPC (Qi et al., 2011) . ST11 is partly different from the international hyper-epidemic lineage ST258 that has caused several outbreaks in many countries (Andrade et al., 2011; Samuelsen et al., 2009) . Notably, the first bla KPC-2 -positive isolate recovered in this outbreak was ST39. ST11 subsequently emerged and became dominant, which is consistent with previous reports (Shen et al., 2016) . In our study, ST11 K. pneumoniae was determined to be a good colonizer to capture the resistance determinants and cause the dissemination of this XDR pathogen. This indicates that the ST11 clone might spread widely in our hospital in the future.
In summary, our findings demonstrated that KPC-2-producing K. pneumoniae isolates emerged in an ST11 background and were extensively resistant to most available antibiotics. In addition, various resistance genes and alteration of outer membrane porins may have increased multidrug resistance rates. Nowadays, KPC-producing K. pneumoniae has been reported to be widespread in China. Therefore, urgent screening of XDR K. pneumoniae and implementation of preventive measures is required to control the further emergence and transmission of these resistance determinants and resistant organisms. XDR Klebsiella pneumoniae
